Introduction
Accumulating evidence indicates that microRNAs (miRNAs) are critical for proper control of cell proliferation and survival (Esquela-Kerscher and Slack, 2006; Hwang and Mendell, 2006) . In particular, miRNAs show altered expression in cancers in relation to normal tissue that not only distinguishes cancers arising in different physiological sites but specific expression signatures are prognostic, indicating that miRNAs are determinants of clinical aggressiveness (Lu et al., 2005; Iorio et al., 2005; Volinia et al., 2006) . Many miRNA genes are in genomic loci that are fragile sites on chromosomes, leading to copy number abnormalities involving either loss or amplification of particular sequences (Zhang et al., 2006) . One of the clearest examples of miRNAs acting as tumour suppressor functions is provided by let-7/mir-98 which negatively regulates expression of Ras oncogenes (Johnson et al., 2005) . Let-7/mir-98 expression is reduced in tumours, potentially contributing to elevated activity of the Ras pathway and effects on growth control (Yanaihara et al., 2006) . In contrast, the six miRNAs of the miR-17 cluster provide an oncogenic function via their upregulated expression by c-Myc leading to effects on downstream genes such as the cell cycle and apoptosis regulator E2F1 (O'Donnell et al., 2005) . There is thus compelling evidence that miRNAs are master regulators of oncogenesis.
We are only just beginning to understand the complexity of the gene regulatory circuitry controlled by miRNAs. In part, this is due to the alternative effects that miRNAs exert on their targets, which result either in repression of translation of the mRNAs that carry miRNA binding sites in their 3 0 -untranslated regions (UTRs), or their degradation (Esquela- Kerscher and Slack, 2006) . This means that evaluation of the full repertoire of miRNA actions will require application of both transcriptomic and proteomic strategies. Moreover, the end points of miRNA action, including the consequences of aberrant loss or gain of miRNAs in cancer, may lie downstream of their immediate targets as a result of compound regulation of multiple cell regulatory mechanisms. One approach to this is to seek evidence of the involvement of miRNAs in the regulation of pathways and targets that are logical candidates based on current knowledge of cancer biology.
Cancer is a multistep process in which normal cells sustain genetic damage over a prolonged period of time, which along with inherited susceptibilities leads to the manifestation of the transformed phenotype. However, emergence of full malignant potential in the form of metastatic behaviour is more than just growth autonomy of the tumour cell. In fact, it involves the acquisition of a set of six characteristics, defined by Hanahan and Weinberg (2000) as: self-sufficiency in growth signals, evasion of apoptosis, insensitivity to growth inhibitory signals, limitless replicative potential, sustained angiogenesis and tissue invasion and metastasis. Most, if not all, of these processes involve changes in the social organization of cells within tissues, whereby tumours recruit and suborn a variety of host stromal cells leading to optimal conditions for rapid growth and Cell adhesion E-cadherin (CDH1) mir-9 mir-9 increased in breast cancers (Iorio et al., 2005) , but downregulated in lung cancers (Yanaihara et al., 2006) See HIF-1a (mir-17/20/106); mir-181c-prec downregulated in lung cancer (Yanaihara et al., 2006) ; see syndecan-1 (mir-10) HIF-1a (HIF-1A) mir-17/20/106, mir-138, mir-199, mir-135, mir-19, mir-18, mir-203, mir-155 Elevated mir-17/20/106 seen as part of a 'solid cancer signature' (Volinia et al., 2006); see FN1 (mir-199) . High mir-155 associated with poor prognosis in lung cancer (Yanaihara et al., 2006) . ARNT mir-221/222, mir-9, mir-135, mir-153, mir-10, mir-103/107, mir-29
See E-cadherin (mir-9), syndecan-1 (mir-10) dissemination. In the following sections, we have considered a small cast of candidate genes as miRNA targets on the basis of their known involvement as determinants of tumour-stromal ecosystems. At present, this analysis is speculative based on bioinformatic analysis of potential miRNA using the TargetScan prediction programme (Lewis et al., 2005) and existing miRNA expression profile data (summarized in Table 1 ), but we envisage that this will create a fertile area for future mechanistic studies.
Cell adhesion
Metastasis of epithelial malignancies is considered to require the loss of expression or function of E-cadherin, a calcium-binding transmembrane molecule involved in epithelial cell-cell adhesion at adherens junctions (Cavallaro and Christofori, 2004) . On its cytoplasmic face, E-cadherin organizes the actin cytoskeleton via its association with b-catenin, which is also a transcription factor involved in signalling via the Wnt pathway (Cavallaro and Christofori, 2004) . E-cadherin function can be disrupted by genetic and epigenetic means, including for instance proteolytic cleavage, which contributes to the epithelial-mesenchymal transition (EMT) as tumours acquire a more malignant phenotype. The E-cadherin/b-catenin system therefore acts as a suppressor of invasion in epithelial malignancies, and there is an inverse correlation between E-cadherin expression levels, histopathological grade and patient survival (Hirohashi, 1998) . It is interesting to note therefore that both genes contain potential miRNA binding sites, miR-9 in E-cadherin and mir-139 and miR-200a in b-catenin. The mir-9 site in E-cadherin might have significance, although this miRNA is reported to be primarily expressed in the brain (LagosQuintana et al., 2002) , which may itself contribute to the restriction of E-cadherin to epithelial cell types; mir-9 has been reported to be upregulated in breast cancer (Iorio et al., 2005) , appearing as one of a set of 15 miRNAs that were able to discriminate accurately normal and tumour tissue. However, in lung cancer, miR-9 has been reported to be either downregulated (Yanaihara et al., 2006) or upregulated (Volinia et al., 2006) , suggesting that the tissue distribution and spatial expression in tumours of this miRNA need to be mapped in detail.
Integrins perform essential roles in cell adhesion to the extracellular matrix (ECM) and much evidence suggests that interference with integrin-mediated adhesion can impair tumour metastasis (Hood and Cheresh, 2002) . Altered expression of diverse integrins and their ligands is a frequent observation in cancers. In particular, integrin avb3 is upregulated in tumour cells at the invasive front, and also serves as a marker of neovessels following activation of the angiogenic switch (Hood and Cheresh, 2002) . The transcripts for both integrin av and b3 subunits contain potential binding sites for miRNAs that are downregulated in tumours (Table 1) . For integrin av, this involves mir-32 and mir-92 which share a common target sequence. Integrin b3 (ITGB3) is a potential target of the let-7/mir-98 that is involved in Ras regulation, and in lung cancer low let7-a-2 levels correlate with poor survival (Yanaihara et al., 2006) . In breast cancer, mir-125 is downregulated in tumours (Iorio et al., 2005) and in the same study, ITGB3 was also identified as a potential target of mir-125. Integrin b1 has been confirmed as a gene that is The table shows selected genes that are involved in cell adhesion, angiogenesis, proteolysis or cell signalling and miRNAs that are predicted by the TargetScan website (http://genes.mit.edu/targetscan/) to target those genes. MiRNAs that showed differential expression in cancer and healthy samples are shown in bold. Details of the expression studies are shown as supporting observation on the right-hand side. downregulated on overexpression of mir-124 (Lim et al., 2005) . Thus, a number of important cancer-associated integrins could be regulated by miRNAs that are deleted or downregulated during tumorigenesis, which might contribute to increased or altered expression of these adhesive molecules that can mediate attachment and migration of cancer cells in stromal ECM environments.
Similar to the situation with integrins, transcripts encoding the cytoskeletal protein paxillin and focal adhesion kinase (FAK), which are involved in the organization of the actin cytoskeleton at focal contacts, are potential targets of miRNAs that are downregulated in cancer. For FAK, it is intriguing that, just as in integrins av and a5, mir-32/92 binding sites are present. FAK also shares a mir-199 site in common with fibronectin. It is worth drawing attention to two other important regulators of the tumour cell microenvironment, namely syndecan-1 and lysyl oxidase (LOX). Syndecan-1 is a transmembrane heparan sulphate proteoglycan with the ability to interact with the ECM and diverse growth factors. The shedding of syndecan-1 from the cell surface by proteases such as membrane type-1 matrix metalloproteinase (MT1-MMP) is associated with enhanced migration (Endo et al., 2003) . Like E-cadherin, the syndecan-1 3 0 UTR contains a binding site for mir-9, which is upregulated in some cancers, suggesting a mechanism for tumour cell-specific modulation of syndecan-1 levels that may be a factor in EMT during tumour progression. Also present are sites for mir-372 and mir-373 that have recently been shown to act as oncogenes in cooperation with Ras, by neutralizing p53-mediated cyclin-dependent kinase inhibition (Voorhoeve et al., 2006) . Thus, overexpressed miRNAs could act in concert to negatively regulate syndecan-1 expression during EMT. With regard to LOX, a recent study has highlighted its importance in metastasis (Erler et al., 2006) . LOX is involved in the crosslinking of collagen and elastin, which thus has an impact on the extracellular microenvironment. Erler et al. (2006) have shown that LOX is induced by hypoxia, and elevated LOX expression correlates with poor overall and metastasis-free survival. Moreover, secreted LOX was shown to promote tumour cell invasion via increased formation of focal adhesions. The LOX 3 0 UTR contains a binding site for a single miRNA, mir-145, which is downregulated in many cancers and has been reported to be deleted in prostate cancers (Iorio et al., 2005) . Low mir-145 is part of a poor prognosis signature in lung cancer (Yanaihara et al., 2006) .
Angiogenesis
Solid cancers require angiogenesis if they are to grow beyond B2 mm in size, and activation of the 'angiogenic switch' is now recognized as an essential part of tumour progression (Bergers and Benjamin, 2003) . Tumour angiogenesis involves the increased production by tumour cells of factors such as vascular endothelial growth factor (VEGF) via multiple mechanisms, including tumour hypoxia-driven activation of expression mediated by hypoxia-inducible factor-1a (HIF-1a) in combination with aryl hydrodocarbon receptor nuclear translocator (ARNT; Harris, 2002) . Thus, angiogenic factors and the molecules that comprise their regulatory networks are potential targets for regulation by miRNAs. It is noteworthy that TargetScan detected a site for the tumour-downregulated mir-125 in VEGF-A, which it shares in common with integrin b3. Both HIF-1a and ARNT transcripts carry multiple miRNA binding sites: however, several involve miRNAs that are upregulated in cancer including mir-17/20/106 that form part of a miRNA signature seen in six solid tumour types (Volinia et al., 2006) , which might therefore be expected to lead to suppression of expression. Thus, the significance of these potential binding sites is unclear, but given that the expression of these genes is highly regulated both transcriptionally and post-transcriptionally, and involving interplay between hypoxia-induced signals and stress-activated pathways, the involvement of miRNA-mediated control could add a further level of sophistication.
Endothelial cells express VEGF receptors, and thus miRNAs could have roles to play in cell type restriction of expression. However, tumour cells can themselves express VEGFR1, leading to enhanced cell migration and invasion following VEGF stimulation . It may thus be relevant that VEGFR1 (Flt) contains sites for miRNAs that are downregulated in tumours (mir-10 and mir181), whereas TargetScan revealed no sites in VEGFR2 (Kdr).
Proteolysis and cell signalling
For many years, secreted proteases have been viewed simply as ECM-degrading enzymes that mediate tumour cell invasion. Although this is certainly one of their possible functions, we now understand that enzymes such as the matrix metalloproteinases (MMPs), adamalysin metalloproteinases (ADAMs) and serine proteases perform precisely regulated cleavage of growth factors, cytokines, chemokines, adhesion molecules and receptors, thereby unmasking novel functions which can be either pro-or antitumorigenic (Egeblad and Werb, 2002; Blobel, 2005) . Many of the protease contributions in tumours come from host stromal cells or recruited inflammatory cells. Deregulation of miRNA levels in tumour cells during tumour progression might thus be expected to affect only a subset of protease-mediated functions directly, although secondary consequences could occur as a result of altered tumour-host dialogue. It is perhaps therefore not surprising that no or few miRNA binding sites were found for the majority of the protease or protease inhibitor genes in our survey. There were a few exceptions, notably ADAM-17 (TNFaconverting enzyme; TACE), the main activity involved in activation of pro-TNFa and the latent forms of EGF receptor ligands (Blobel, 2005) , which contained a mir-145 site. In addition, MT1-MMP/MMP14, which has been reported to be expressed by both tumour cells and stromal cells in different tumour types, carries sites for tumour-downregulated mir-181 and mir-26, which may give rise to tumour cell-specific upregulation.
The four tissue inhibitors of metalloproteinases (TIMPs) are intriguing molecules that have both proand antitumorigenic effects (Baker et al., 2002) . TIMP-3 is unique in many respects, but in particular because it is the only family member that is an effective inhibitor of ADAM-17 and other related enzymes, which positions it as a major regulator of inflammatory and proapoptotic cascades. Separate from its metalloproteinase inhibitory activity, TIMP-3 is also antiangiogenic by blocking VEGF binding to VEGFR2 (Qi et al., 2003) . These characteristics are borne out by data from knockout mouse studies in which Timp-3À/À mice show exaggerated responses to inflammatory stimuli such as lipopolysaccharide, and increased metastasis to multiple organs (Mohammed et al., 2004; Cruz-Munoz et al., 2006) . Overexpression of TIMP-3 promotes apoptosis of many cell types, in part through stabilization of cell surface death domain-containing receptors (Ahonen et al., 2003) . TIMP-3 also has a long 3 0 UTR (3.5 kb) affording many opportunities for regulatory interactions. In contrast to the other members of the TIMP family, the TIMP-3 mRNA contains a large number of potential target sites for miRNAs including mir-21 and mir-17/20/106 that are upregulated and strongly linked with a poor prognosis signature (Chan et al., 2005; Volinia et al., 2006) . TIMP-3 was one of a set of genes shown to be downregulated following delivery of mir-1, confirming it as a target for this miRNA (Lim et al., 2005) . Also, there is a site for mir-221/222, the major upregulated miRNAs in papillary thyroid cancer (He et al., 2005) . The TIMP-3 locus is subject to hypermethylation in many cancers, leading to suppression of TIMP-3 expression (Esteller et al., 2001) . However, in ovarian cancer, TIMP-3 promoter hypermethylation is a rare event , indicating that other mechanisms may control the expression of this potential tumour suppressor function. As TIMP-3 contains multiple sites for miRNAs upregulated in cancer, it is possible that these may contribute to its epigenetic silencing during tumour progression. One of these sites (mir-21) is also present in RECK, which was originally identified on the basis of its ability to reverse the transformed phenotype, and was subsequently revealed to inhibit the production and activity of multiple MMPs (Oh et al., 2001; Baker et al., 2002) . This offers a mechanism for coordinated regulation of two potent suppressors of invasion, angiogenesis and metastasis. Table 1 contains information on several other genes that are known to play important roles in metastasis. The c-Met/hepatocyte growth factor (HGF) axis, which is important in the regulation of EMT, is potentially regulated by miRNAs that are altered in tumour cells compared to normal cells, but as c-Met is expressed by epithelial cells and HGF by host stroma (Thiery, 2002) , direct regulation by miRNAs is likely to be of most relevance to c-Met. Likewise, autocrine production of the cytokine interleukin-6 (IL-6) by tumour cells has long been linked with malignancy (Lu and Kerbel, 1993) , and thus the site in the IL-6 3 0 UTR for the tumour-downregulated mir-26 may be relevant. Also, the chemokine receptor CXCR-4 which is implicated in the migratory response of metastatic cancer cells (Mu¨ller et al., 2001) , contains sites for tumour-deregulated miRNAs.
Future directions
This analysis represents a very small candidate gene survey of the potential for miRNA involvement in traits that are the hallmarks of the malignant phenotype, with a focus on tumour-host interactions. Several logical associations have been uncovered that would be consistent with known changes in gene expression of the target genes in cancer tissues and emerging information on the cancer profiles of miRNAs. Clearly, these associations must now be validated experimentally by expression of the relevant miRNAs or through blockade using antagomirs (Krutzfeldt et al., 2005) . In particular, all of the work carried out to date has considered tumour tissues as heterogeneous mixtures of neoplastic cells and host stromal cell types. It is essential to fine map the patterns of miRNAs within discrete cell types and locations within tumours, for instance at invasive fronts and sites of inflammatory cell infiltration. This will help to refine understanding of miRNA function and the target genes that they regulate.
One of the most striking aspects of the miRNA profiling thus far is the ability to classify tumours of histologically uncertain cellular origin (Lu et al., 2005) . Overexpression of particular miRNAs can shift cellular mRNA expression patterns to those that are characteristic of the tissues where the miRNAs are naturally preferentially expressed (Lim et al., 2005) . Apart from the obvious potential that this has in cancer diagnosis, this indicates that some miRNAs may be dominant effectors of cell differentiation within tissues. From the cancer standpoint, this could have relevance in understanding why certain cancers prefer to metastasize to particular sites -providing insights into the cellular mechanisms responsible for the 'seed and soil' of Paget's hypothesis (Fidler, 2003) . This idea will be interesting to pursue in transgenic mouse tumour models using conditional and tissue-specific induction or knockdown of selected miRNAs, and also in three-dimensional cell culture models where it is possible to study tumourstroma interactions (Mueller and Fusenig, 2004) .
